Methods and Results
Both wavelet decomposition and time domain analysis were applied to the signal-averaged electrocardiogram recordings of 82 patients with idiopathic dilated cardiomyopathy (mean age 43 14 years, 60 men) and 72 normal controls (mean age 44 15 years, 48 men). Three conventional time domain indices and four wavelet decomposition analysis parameters (QRS length, maximum count, surface area, and relative length) were derived from each recording using a Del Mar CEWS system and an in-house software package, respectively. The results showed that (1) more patients with idiopathic dilated cardiomyopathy than without had late potentials, and that the filtered QRS duration was significantly longer in patients than in controls (P<0·001). Similarly, abnormal wavelet decomposition analysis was more common in patients and wavelet decomposition measurements were significantly different between patients and controls (P<0·01); (2) conventional time domain analysis did not distinguish between clinically stable patients and patients who developed progressive heart failure, or between patients with and without arrhythmic events; (3) wavelet decomposition analysis identified patients who went on to develop progressive heart failure but failed to distinguish patients with arrhythmic events from those without; (4) survival analyses of a mean follow-up of 23 months showed that patients with late potentials tended to develop progressive heart failure more frequently than others (P=0·06). Patients with an abnormal wavelet decomposition result more frequently developed progressive heart failure than those with a normal wavelet decomposition result (P=0·027); (5) in a univariate analysis (Cox model), wavelet decomposition measurements but not time domain indices significantly correlated with the development of progressive heart failure (P=0·01). Multivariate analysis showed that only left ventricular end-diastolic dimension and peak oxygen consumption during exercise remained significant predictors of progressive heart failure.
Conclusion Wavelet decomposition analysis of the signalaveraged electrocardiogram is superior to conventional time domain analysis for identifying patients with idio

Introduction
Patients with idiopathic dilated cardiomyopathy have a poor prognosis associated with sudden death and progressive heart failure [1, 2] . Idiopathic dilated cardiomyopathy patients with apparent symptoms and signs of heart failure at rest are relatively easy to stratify by conventional clinical variables. For ambulating patients, however, it is difficult to identify those at increased risk of early death by currently available risk stratification methods [3] . Identification of idiopathic dilated cardiomyopathy patients at increased risk of sudden death or malignant ventricular tachyarrhythmias remains a major goal in clinical risk stratification.
It has been demonstrated that conventional timedomain analysis of the signal averaged electrocardiogram is valuable for risk stratification in patients after myocardial infarction [4] [5] [6] , and probably also in patients with dilated cardiomyopathy [7, 8] . However, timedomain analysis concentrates on the assessment of lowamplitude signals at the end of the QRS complex and ignores signals within the QRS complex which are likely to be of equal importance [4, 9] . This technique is particularly limited by the difficulty in assessing patients with bundle branch block, which is seen in approximately 30% of idiopathic dilated cardiomyopathy patients [10, 11] . Wavelet decomposition of the signal averaged ECG is a novel technique. It has been proposed as a method of detecting small and transient irregularities hidden within the QRS complex [12] . It is also applicable in patients with bundle branch block. This technique can therefore overcome some of the limitations of time-domain analysis of the signal averaged ECG [4, 9] . Early experience of wavelet decomposition analysis of the signal averaged ECG appears encouraging in patients after myocardial infarction [13, 14] , but data regarding its application in patients with idiopathic dilated cardiomyopathy are few.
This study aimed to assess the potential utility of wavelet decomposition analysis of the signal averaged ECG in prognostic risk stratification of patients with idiopathic dilated cardiomyopathy.
Methods
Study populations Patients with idiopathic dilated cardiomyopathy
The study population consisted of 82 patients with idiopathic dilated cardiomyopathy (mean age 43 14 years, 60 men), who presented to our centre for diagnosis or for management of heart failure or symptomatic arrhythmias between January 1989 to December 1993, and who had a signal averaged ECG recording. The diagnosis of idiopathic dilated cardiomyopathy was based on World Health Organisation criteria [15, 16] . All patients had a dilated and poorly contractile left ventricle. Selective coronary angiography and ventriculography were assessed in the majority of patients (85%) including all patients >40 years, or in the presence of symptoms or risk factors consistent with coronary artery disease. Fifty-three patients (65%) had right ventricular endomyocardial biopsy, which was assessed by light microscopy according to the Dallas criteria [17] . Thirtynine (47·5%) patients were in New York Heart Association functional class I, 13 (15·9%) in class II, 17 (20·7%) in class III and 13 (15·9%) in class IV. Eleven patients (13%) were in atrial fibrillation and ventricular tachycardia was documented in 43 (52%) patients (6 sustained, 37 non-sustained ventricular tachycardia). Left bundle branch block was present in 21 (26%) patients. Patients with signal averaged ECG recordings that could not be analysed reliably and those who were receiving antiarrhythmic therapies (3 on flecainide) other than amiodarone were excluded from the study. All patients were followed up at regular intervals for a mean of 23 months (range 1-59 months).
Control subjects
Seventy-two healthy volunteers (mean age 44 15 years, 48 men) with no history of cardiovascular diseases, a normal clinical examination and normal 12-lead ECGs served as controls.
Definitions
Sudden cardiac death and sustained ventricular tachycardia were classified as arrhythmic events. Sudden cardiac death was defined as instantaneous death, death within 1 h of the onset of new symptoms, death during sleep, and unwitnessed death within 1 h of the patient being seen alive without new symptoms. Sustained ventricular tachycardia was defined as spontaneous symptomatic ventricular tachycardia lasting for at least 30 s; non-sustained ventricular tachycardia was defined as d3 consecutive ventricular ectopic beats with a rate >120/min. Progressive heart failure was defined as deterioration of heart failure symptoms with increasing New York Heart Association functional class and/or with increased left ventricular end-diastolic dimension that was refractory to conventional medical therapy. The classification was logged on a patient follow-up database, independent of any knowledge of the wavelet decomposition analysis results of the signal averaged ECG.
Signal averaged ECG recording and data processing Signal averaged ECG recordings
The signal averaged ECGs were recorded using a commercially available system (Arrhythmia Research Technology, model 1200 EPX) with a sampling frequency of 1000 Hz. Frank orthogonal bipolar XYZ leads were used. The mean noise level of the recordings was 0·49 0·14 V for normal controls and 0·48 0·16 V for patients with idiopathic dilated cardiomyopathy.
Time domain analysis
All recordings were analysed using the CEWS package (Del Mar Avionics, model 183). The Butterworth filter 40-250 Hz was used and three conventional timedomain indices were calculated. Late potentials were considered present if at least two time-domain parameters were abnormal: total duration of the averaged QRS complex >114 ms; root-mean-square voltage of the terminal 40 ms of the averaged QRS complex <20 V; terminal low amplitude (<40 V) signal duration >38 ms [18] . For patients with bundle branch block, late potentials were considered present if the terminal low amplitude (<40 V) signal duration was >55 ms and the root-mean-square voltage of the terminal 40 ms of the averaged QRS complex was <17 V [19] .
Wavelet decomposition
Details of the wavelet decomposition analysis used in this study were published elsewhere [13] . Briefly, signals from each of the three averaged orthogonal leads were decomposed using 53 scales of a Morlet wavelet, and the wavelet vector magnitude [WM=(WX 2 +WY 2 +WZ 2 )
] was computed. To characterize the irregularity of wavelet decomposition within the QRS complex, four numerical parameters were extracted from the wavelet vector magnitude, describing different faces of the smoothness of the signal: (1) QRS length, that is the duration of the wavelet decomposed QRS complex; (2) maximum count, which reflects the number of local maxima of the wavelet vector magnitude; (3) surface area, which describes the surface of the threedimensional image of the wavelet decomposition within predefined levels, and (4) relative length, which is the length of the normalized and averaged values of all wavelet decomposition scales per time unit within the wavelet decomposed QRS complex length.
Data analysis
To avoid biased results from a low risk population, patients with left bundle branch block or atrial fibrillation and those who were receiving low-dose amiodarone (<300 mg . day 1 ) for life-threatening ventricular arrhythmias were not excluded. Modified criteria [19] were applied to patients with bundle branch block to categorize patients with and without late potentials.
The numeric values of all measurements were compared between study groups using the Mann-Whitney U test. The chi-squared test or Fisher's exact test was used for the comparison of proportions where appropriate. The association between wavelet decomposition measurements and clinical variables was assessed using Spearman's rank correlation. The Cox regression model was used to assess the univariate and multivariate relationship between an abnormal result of the signal averaged ECG or other variables and the study endpoints (occurrence of progressive heart failure or arrhythmic events). Survival status and censored observations were retrieved from database or medical records independently of this study. Patients were censored at the time of cardiac transplant or the date of last followup. Survival analysis was performed using the KaplanMeier method and the overall survival probability was compared with the Wilcoxon (Gehan) statistic. SPSS for Windows (version 8.0) was used for all statistical analyses.
Dichotomy points for abnormal results of wavelet decomposition measurements were defined as exceeding the mean values plus (for the parameters of QRS length, maximum count, surface area) or minus (for the parameter of relative length) 2 standard deviation of the measurements obtained from normal controls. A wavelet decomposition analysis was considered abnormal if the values of d2 parameters were outside these limits.
Continuous variables are presented as mean standard deviation. A P value <0.05 was considered statistically significant.
Results
Clinical characteristics
Of 82 idiopathic dilated cardiomyopathy patients, 23 developed progressive heart failure (14 of them received orthotopic heart transplantation), an additional five patients suffered from sudden cardiac death and the other 54 patients remained clinically stable during a mean follow-up of 23 18 months. The clinical characteristics of the study patients are listed in Table 1 .
Signal averaged ECG analyses in patients with idiopathic dilated cardiomyopathy in comparison with normal controls Comparison of numerical values between patients and controls
The results of comparing the numeric values of signal averaged ECG indices between idiopathic dilated cardiomyopathy patients and controls are presented in Table 2 . Significant differences in all signal averaged ECG indices were found between patients and normal controls.
Signal averaged ECG analyses in patients with idiopathic dilated cardiomyopathy in relation to their clinical characteristics
Time-domain analysis Significant differences were observed between the timedomain indices of patients who developed progressive heart failure and those who remained clinically stable (Table 3 ). All differences were lost if the comparison was performed only on the patients who were in sinus rhythm, had no bundle branch block and were not receiving amiodarone therapy.
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There was no difference in time-domain measurements between patients with and without arrhythmic events.
Wavelet decomposition analysis
Significant differences in the measurements of QRS length, maximum count and surface area were found between patients who developed progressive heart failure and those who remained clinically stable ( Table 3 ). The differences in the measurements of QRS length and maximum count remained significant if the comparison was performed only on the patients who were in sinus rhythm, had no bundle branch block and were not receiving amiodarone therapy.
No differences in any wavelet decomposition indices were found between patients with and without arrhythmic events (P=ns). Three of the five sudden death patients had more than two abnormal wavelet decomposition measurements but the mean values of the measurements in sudden death patients were similar to those who remained clinically stable (P=ns). No significant differences in any wavelet decomposition measurements were observed between patients with and without sustained ventricular tachycardia (P=ns), or between patients with and without non-sustained ventricular tachycardia (P=ns).
Patients with abnormal wavelet decomposition results were older (49 11 vs 38 14 years, P=0·0003), more likely to have a bundle branch block (20 of 41, 49% vs 1 of 41, 2%, P<0·0001), and had a larger left ventricular end-diastolic dimension (69 13 vs 64 10 mm, P=0·02). All wavelet decomposition measurements were significantly correlated with left ventricular end-diastolic dimension (r= 0·33 to 0·35, Pc0·01), but did not correlate with peak oxygen consumption (r= 0·14 to 0·05; P=0·3-0·8) or left ventricular ejection fraction (r= 0·14 to 0·02; P=0·3-0·9). No differences in wavelet decomposition measurements were found between patients who were and were not receiving amiodarone therapy (P=ns). Figure 1 shows the Kaplan-Meier survival curves for patients with and without late potentials. Patients with late potentials tended to develop progressive heart failure more frequently during follow-up than those without late potentials (P=0·06). Figure 2 shows the Kaplan-Meier survival curves for patients with a normal and an abnormal wavelet decomposition. Significantly more patients with an abnormal wavelet decomposition analysis result developed progressive heart failure during follow-up (P=0·027). Progressive heart failure-free survival rates at 2 and 3 years were 63·7% and 44·6% in patients with an abnormal wavelet decomposition result compared with 85·5% and 85·5% (P<0·05) in patients with a normal wavelet decomposition analysis result. There were no significant differences in arrhythmic event-free survival rates between patients with and without late potentials or abnormal wavelet decomposition analysis results (P>0·1 for both).
Survival analysis
Prediction of clinical outcomes
Late potentials and abnormal wavelet decomposition analysis results were found in 28% (23 of 82) and in 50% (41 of 82) of patients with idiopathic dilated cardiomyopathy, respectively. Seventeen of the 23 patients who presented late potentials also had an abnormal result following wavelet decomposition analysis. The performance of wavelet decomposition analysis and conventional time-domain analysis of the signal averaged ECG for prediction of both end-points is summarized in Table  4 . The combination of time domain and wavelet decomposition analyses did not significantly improve the predictive accuracy.
The results of the univariate relationship of signal averaged ECG analyses and clinical variables to progressive heart failure are shown in Table 5 . In a multivariate analysis, the significant association between an abnormal wavelet decomposition analysis result and the development of progressive heart failure was lost, while PHF=progressive heart failure; RMS40=root-mean-square voltage of the terminal 40 ms of the averaged QRS complex. 
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left ventricular end-diastolic dimension and peak oxygen consumption on exercise remained significant predictors of clinical deterioration (P=0·04 and 0·02, respectively).
Discussion
The present study shows that all measurements by wavelet decomposition analysis and by time-domain analysis clearly differentiate patients with idiopathic dilated cardiomyopathy from normal controls. Abnormal wavelet decomposition analysis, but not abnormal time-domain analysis, identifies idiopathic dilated cardiomyopathy patients who are at risk of developing progressive heart failure. Neither wavelet decomposition nor time domain analysis of the signal averaged ECG distinguish between idiopathic dilated cardiomyopathy patients with and without arrhythmic events.
Conventional time-domain analysis of the signal averaged ECG has been extensively investigated in various clinical settings [4] [5] [6] 8, 20, 21] . Some investigators demonstrated the significance of late potentials in dilated cardiomyopathy [7, 8, 20, 22] . However, current techniques for the analysis of late potentials have several limitations [18] . There is a lack of agreement as to optimal filter characteristics, as well as the best numerical criteria for abnormality. The numerical measurements are sensitive to the specific algorithm used for determining QRS duration. In the presence of intraventricular conduction defects and/or bundle branch block, frequently present in patients at potential risk, interpretation of late potentials is problematic [19, 23] . Wavelet decomposition analysis is a recently proposed alternative method of analysing the signal averaged ECG [12] , which differs significantly from time-domain analysis of the signal averaged ECG. The main target of conventional timedomain analysis of the signal averaged ECG is to detect abnormal signals at the terminal portion of the QRS complex (i.e. late potentials), while the study of wavelet decomposition analysis extends the search for pathological signals to the entire QRS. Thus, abnormal signals hidden within the QRS complex, which cannot be found by the conventional time-domain analysis, may be detected by wavelet decomposition analysis.
Early experience with wavelet decomposition analysis of the signal averaged ECG appears to be encouraging for identification of patients at risk of arrhythmic events in patients after myocardial infarction [13, 14] . In contrast, wavelet decomposition analysis seems to be of limited value for clinical risk factor stratification in patients with hypertrophic cardiomyopathy [24] . The present study demonstrates that abnormal wavelet decomposition analysis results differentiate patients with idiopathic dilated cardiomyopathy who developed progressive heart failure from those who remained clinically stable during follow up. This finding is consistent with our previous observation on spectral turbulence analysis of the signal averaged ECG in this patient group [25] . In the cardiomyopathic heart, there is a variable degree of interstitial fibrosis, which may cause irregularities of signals within the QRS complex detectable by wavelet decomposition analysis. The association between abnormal wavelet decomposition results and the presence of left bundle branch block noticed in the present study supports this speculation. Our data show that an abnormal wavelet decomposition analysis result significantly correlated with left ventricular end-diastolic dimension by echocardiography, but was not associated with arrhythmic events. These findings suggest that abnormalities in wavelet decomposition measurements may reflect altered remodelling that leads to progression of heart failure rather than to increased electrical instability. Alternatively, it could be argued that the follow-up time of our study was not long enough to demonstrate the potential association between signal averaged ECG results and arrhythmic events. However, it is unlikely that the arrhythmic substrate would remain stable for a very prolonged period. Conventional drug therapies (diuretics, digoxin, angiotensin-converting enzyme inhibitors) were maintained in our study patients during follow-up for ethical reason. However, we are not aware of any evidence that these drugs affect wavelet decomposition analysis.
Study implications
The results of the present study show that wavelet decomposition analysis of the signal averaged ECG is superior to conventional time-domain analysis for identifying idiopathic dilated cardiomyopathy patients at increased risk of progressive heart failure. Wavelet decomposition analysis may improve risk stratification of patients with idiopathic dilated cardiomyopathy, particularly for those who are unable to have other investigations, such as exercise testing, although peak oxygen consumption on exercise as well as left ventricular end-diastolic dimension by echocardiography are stronger prognostic indicators. Despite the limited number of patients enrolled in the study, the lack of association between wavelet decomposition analysis results and arrhythmic events indicates that wavelet decomposition analysis, in its present form, is unlikely to prospectively distinguish patients at a high risk from those not at high risk of arrhythmic events in idiopathic dilated cardiomyopathy. Wavelet decomposition analysis probably assesses the substrate of haemodynamic disturbance rather than the arrhythmic substrate in idiopathic dilated cardiomyopathy.
